1 2 o c t o b e r 2 0 1 7 | V o L 5 5 0 | N A t U r e | 2 6 5 Letter The target of rapamycin (TOR) is a eukaryotic serine/threonine protein kinase that functions in two distinct complexes, TORC1 and TORC2, to regulate growth and metabolism 1,2 . GTPases, responding to signals generated by abiotic stressors, nutrients, and, in metazoans, growth factors, play an important 3 but poorly understood role in TORC1 regulation. Here we report that, in budding yeast, glucose withdrawal (which leads to an acute loss of TORC1 kinase activity 4 ) triggers a similarly rapid Rag GTPasedependent redistribution of TORC1 from being semi-uniform around the vacuolar membrane to a single, vacuole-associated cylindrical structure visible by super-resolution optical microscopy. Three-dimensional reconstructions of cryo-electron micrograph images of these purified cylinders demonstrate that TORC1 oligomerizes into a higher-level hollow helical assembly, which we name a TOROID (TORC1 organized in inhibited domain). Fitting of the recently described mammalian TORC1 structure into our helical map reveals that oligomerization leads to steric occlusion of the active site. Guided by the implications from our reconstruction, we present a TOR1 allele that prevents both TOROID formation and TORC1 inactivation in response to glucose withdrawal, demonstrating that oligomerization is necessary for TORC1 inactivation. Our results reveal a novel mechanism by which Rag GTPases regulate TORC1 activity and suggest that the reversible assembly and/or disassembly of higher-level structures may be an underappreciated mechanism for the regulation of protein kinases.
Rhb1, the putative budding yeast Rheb orthologue, plays no apparent role in TORC1 activation.
In budding yeast, fluorescent-protein-tagged TORC1 subunits display either a semi-uniform granular arrangement around the vacuolar membrane or a discrete vacuolar focus (Extended Data Fig. 1a, b) . The TORC1 focus is prominent in stationary-phase cells but disperses as cells re-enter exponential growth ( Fig. 1a, b ). Calibration of GFP signals suggests that growing cells contain approximately 200 TORC1 dimers, of which 80-90% enter the focus in stationary phase (Extended Data Fig. 1c -i).
TORC1 foci have been observed before 13, 14 but the processes regulating their formation and function are not understood. TORC1 activity is known to be sensitive to a variety of upstream cues 4 and we queried which of these influence TORC1 focus formation. The focus in stationary-phase cells rapidly disassembled upon supplementation of the culture with glucose but not with other nutrients (Extended Data Fig. 2a-e ). Acute glucose, but not nitrogen or leucine starvation, also triggered focus formation ( Fig. 1c and Extended Data Fig. 2a-e ). Prolonged glucose starvation is known to induce focus formation of several metabolic enzymes, via a mechanism involving a drop in intracellular pH 15 . However, unlike Gln1, TORC1 focus formation occurred over a wide pH range (Extended Data Fig. 2f ). We failed to observe any obvious role for Snf1 (ref. 14) in either TORC1 focus formation or TORC1 inactivation in response to glucose depletion (Extended Data Fig. 3 ).
After glucose withdrawal, TORC1 foci were apparent within 2.5 min ( Fig. 1c and Extended Data Fig. 2b, c) . Focus formation involved the conversion over time of diffuse TORC1 dimers into granules containing a few TORC1 dimers (typically under 25) and eventually (within 5 min) into larger assemblies containing 100 or more dimers ( Fig. 1d and Extended Data Fig. 4a ). Focus disassembly (following glucose repletion was readily apparent within 10 min. The kinetics of TORC1 focus formation and disassembly (following glucose starvation and re-addition, respectively) paralleled the kinetics of TORC1 inactivation and reactivation, as reflected by phosphorylation of its substrate Sch9 (ref. 4) ( Fig. 1e, f) . This correlation presents the interesting possibility that focus formation and disassembly may be mechanistically linked to TORC1 signalling output.
We queried whether the Gtr1-Gtr2 GTPases of the larger EGO complex 16 might transmit carbon signals to TORC1. We observed that roughly 60% of Δ gtr1 Δ gtr2 cells display a single TORC1 focus regardless of growth phase of the culture (Fig. 1g, h and Extended Data Fig. 4b-d ). Multiple linear regression analyses demonstrated that the Gtr1 GDP /Gtr2 GTP conformation favours focus formation while the Gtr1 GTP /Gtr2 GDP conformation antagonizes focus formation (Extended Data Fig. 5a ). In Δ gtr1 Δ gtr2 cells, TORC1 focus dynamics are largely Letter reSeArCH unaffected by either glucose starvation or repletion (Fig. 1i , j and Extended Data Fig. 4c, d ). Sch9 phosphorylation, although affected somewhat at early time points, is also largely insensitive to glucose starvation or repletion in Δ gtr1 Δ gtr2 cells ( Fig. 1k, l) . We conclude that condensation of TORC1 into a focus, downstream of Gtr1/Gtr2 nucleotide loading, is mechanistically linked to TORC1 inactivation. We note that approximately 40% of Δ gtr1 Δ gtr2 cells lack a TORC1 focus ( Fig. 1l ), compared with approximately 10% of wild-type (WT) cells after glucose depletion (Fig. 1f ). Also, TORC1 dimers in Δ gtr1 Δ gtr2 cells are approximately twice as active as TORC1 dimers in WT cells (Extended Data Fig. 5b-f ), potentially because of compensatory feedback signalling 17 . These observations explain the high levels of Sch9 phosphorylation observed in Δ gtr1 Δ gtr2 cells (~ 70% of WT; Fig. 1k-l) . Consistently, mTORC1 activity is similarly reduced by only around 30% in RAGA RAGB double knockout mouse embryonic fibrobalsts 10 .
To study the organization of TORC1 foci in vivo at the nanometre scale, we performed stochastic optical reconstruction microscopy (STORM) [18] [19] [20] [21] [22] . In reconstructed STORM images, we found sparse as well as dense foci of cytosolic TORC1 localizations ( Fig. 2a and Extended Data Fig. 6 ). The clusters revealed a variety of different shapes which we categorized on the basis of eccentricity (Ecc; Fig. 2a , lower right). In the lower eccentricity range (Ecc < 2), we found several clusters with no apparent organization ( Fig. 2b ), but also a subset of clusters featuring a ring-like shape with a central cavity (Ecc < 2, cavity; Fig. 2b ). In the larger eccentricity range, we found primarily rod-like clusters (Ecc > 2; Fig. 2b ). Alignment and averaging of the reconstructed ring-like particles revealed an assembly with a diameter of 115 nm and for the rod-like particles revealed an assembly with a diameter of 98 nm and a length of about 500 nm ( Fig. 2c, d ). We note that these values overestimate the actual dimensions because of inherent locali zation precision limits. A lack of correlation between the number of localizations per cluster and the cluster's eccentricity ( Fig. 2e ) indicates that eccentricity is not a result of heterogeneous labelling but instead arises from different orientations of the same object.
The regular nature of the foci revealed by STORM suggested that TORC1 within these domains may be potentially oligomerized into a hollow tubule. Negative-stain electron micrographs of TORC1 purified from focus-containing stationary-phase cells revealed disrupted TORC1 dimers and helical super-assemblies, approximately 60 nm wide and up to hundreds of nanometres long ( Fig. 2f, g) . Helices were not observed in purifications from exponentially growing cells (Extended Data Fig. 7 ). Cryo-electron microscopy (cryo-EM) ( Fig. 2h ) confirmed the existence of helical structures with dimensions consistent with TORC1 foci observed in vivo by STORM. Fourier transform indicated that these helices present a pitch of approximately 215 Å (Fig. 2h ).
This estimate was refined and the possible values of the number of subunits per turn (helix symmetry parameters) were determined using iterative helical real-space reconstruction (IHRSR) 23 . Analysis of the refinement convergence points (Extended Data Fig. 8a-d ) followed by inspection of the three potential calculated density maps and comparison with the known structure of mammalian TORC1 (mTORC1 (ref. 7)) helped remove ambiguities, yielding a structure containing 7.56 units per turn and a pitch of 212.4 Å (Extended Data Figs 8e-h). This map had a clear two-fold symmetry axis perpendicular to the helix axis, which was therefore imposed for a final three-dimensional structure refinement in SPRING (single-particle reconstruction from images of known geometry 24 ). A total of 4,049 segments before and 8   10   12   14   16   18   0   2   4   6   8   10   12   14   16   18   0   10   20   30   40   50   60   70   80   90   0   10   20   30   40   50   60   70   80   90  100   0  4  8  1 2  1 6  2 0  2 4  28  0  4  8  12  16  20  24 Letter reSeArCH 16, 196 segments after symmetrization were included in the final reconstruction. This reconstruction had an estimated resolution of 27 Å and the final map showed good agreement with the known mTORC1 structure ( Fig. 3 , Supplementary Video 1 and Extended Data Fig. 8 ). Simulated STORM data based on the structure of this helix also corresponded well with our experimental STORM data (Extended Data Fig. 9 ). Collectively, these observations support the conclusion that in vivo TORC1 foci correspond to large hollow helices. 
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The TORC1 helix (Electron Microscopy Data Bank accession number EMD-3814) has an outer diameter of 58 nm and an inner diameter of 28 nm (Fig. 3a) ; this, to our knowledge, is both the largest cytosolic protein helix and the helix composed of the largest individual subunits (~ 1.2 MDa) characterized so far. The resolution was sufficient to allow us to fit the recent approximately 6 Å resolution reconstruction of mTORC1 (refs 7, 25) , which revealed several important structural insights ( Fig. 3b -h, Supplementary Video 1 and Extended Data Fig. 8g ). Raptor/ Kog1 plays a key role in the packing of TORC1 dimers into the helix, supporting TORC1 interactions both between coils and within coils. Inter-coil interactions are maintained via binding of the WD-40 repeats of Raptor/Kog1 with the HEAT repeats/HORN domain (also known as the spiral domain) 25 of mTOR/Tor1,2 in TORC1 dimers ( Fig. 3d, e ). Intra-coil interactions are mediated via (1) a homo-interaction of the CASPase domain of Raptor/Kog1, specifically the face opposite the putative TOS-binding 'active' site 7 (Fig. 3d , f, g); (2) an interaction between the armadillo repeats of Raptor/Kog1 with the adjacent HEAT repeats/BRIDGE domain of mTOR/Tor1,2 ( Fig. 3d , f, g); and (3) an interaction between the armadillo repeats of Raptor/Kog1 with the adjacent FRB domain of mTOR/Tor1,2 ( Fig. 3h ). This interface is intriguing, as the positioning of the armadillo repeats is identical to the volume occupied by FKBP12-rapamycin when bound to TOR 7 . Treatment of cells with rapamycin, but not with a small-molecule ATPcompetitive TORC1 inhibitor CMB4563, accelerated the disassembly of TOROIDs in stationary cells treated with fresh medium as well as those existing in late log-phase cells beginning to enter stationary phase (Extended Data Fig. 10a, b ). These results demonstrate that the FRB domain is important for helix formation and suggest that TORC1, when oligomerized into a helix, is inactive. On the basis of these observations and those below, we propose to call these TORC1 foci TORC1 organized in inhibited domains, or TOROIDs.
The above results lead us to propose that inactivation of TORC1 upon glucose starvation necessarily requires TOROID assembly. To confirm this model, we sought an allele of a TORC1 subunit wherein the encoded protein would compromise TOROID formation but not kinase activity. In cells expressing this allele, Sch9 phosphorylation should be insensitive to glucose signals. We chose a previously described allele of TOR1 in which a sequence encoding 3xGFP was inserted into the HORN domain of Tor1 following residue Glu330 (ref. 26), which should compromise a critical inter-coil interaction but not TORC1 activity. Indeed, both WT and Δ gtr1 Δ gtr2 cells expressing TOR1 D330::3xGFP failed to assemble TOROIDs (Fig. 4a , c and Extended Data Fig. 10c ) and to robustly downregulate Sch9 phosphorylation (Fig. 4b, c ) upon glucose starvation. By contrast, cells expressing N-terminally tagged GFP-Tor1, which should not interfere with TOROID formation (Fig. 3e ), showed WT regulation of both TORC1 foci formation and activity ( Fig. 4a-c ). We conclude that glucose-derived signals regulate TOROID formation and consequently TORC1 activity.
Helical reconstruction is a powerful method for obtaining structural information 27 . In our case the reconstructed three-dimensional structure of the TOROID helix provides a new and unanticipated mechanistic explanation for the acute regulation of TORC1 activity downstream of glucose signals ( Fig. 4d ). How the Rag GTPases regulate TOROID assembly and disassembly is currently unknown; we await structures of the Rag GTPase-bound TORC1/TOROID to solve this mystery. In the previously published crystal structure of the mammalian TOR kinase domain 6 it was postulated that this kinase is constitutively in an active conformation. However, it is well established that TORC1 kinase activity is altered in response to a variety of upstream stimuli in vivo. Inhibition of TORC1 activity through organization into TOROIDs provides an elegant explanation for this conundrum. We note that casein kinase 2 activity also appears to be regulated through oligomerization 28 , suggesting that this mode of regulation may be common among kinases, and potentially other metabolism-related enzymes 15 . Finally, we speculate that the large dimeric structure of TORC1, and perhaps TORC2, was selected during evolution to facilitate their oligomerization and consequent inactivation. Compared with degradation, this represents a cost-effective way to inactivate a biosynthetically expensive multiprotein complex. Through its recruitment of FKBP12, the natural product rapamycin seems to usurp this endogenous inactivation mechanism to achieve TORC1 inhibition ( Fig. 3h ), explaining the apparent inability of yeast to acquire resistance to rapamycin.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 24. Desfosses, A., Ciuffa, R., Gutsche, I. & Sachse, C. SPRING -an image processing package for single-particle based helical reconstruction from electron cryomicrographs. J. Struct. Biol. 185, 15-26 (2014 
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No statistical methods were used to predetermine sample size. The experiments were not randomized. The investigators were not blinded to allocation during experiments and outcome assessment. Yeast strains. All strains used are described in Supplementary Information Table 1 . Cell culture assays and confocal microscopy. Saturated cell cultures (28 h at 30 °C in liquid complete synthetic medium (CSM)) were diluted into fresh CSM at an absorbance at 600 nm (A 600 nm ) of 0.25, or nutrients were added to the saturated cultures. Confocal Z-stack images (LSM700, Zeiss) and measurements of absorbance of A 600 nm were acquired at the relevant time points (Fig. 1a, g and Extended Data Fig. 1) .
Glucose, ammonium sulfate, and leucine starvation experiments were performed similarly. Cells grown at 30 °C in liquid CSM were harvested at A 600 nm = 1.5-1.8 and were subsequently filtered and transferred to starvation medium (CSM-glucose, CSM-ammonium sulfate, or CSM-leucine). Nutrients were added after 30 min of starvation. Confocal Z-stack images (LSM700, Zeiss) and aliquots for western analyses were taken simultaneously at the relevant time points.
Drug treatment assays (rapamycin (200 nM final concentration)/ CMB4563 (800 μ M final concentration) or as indicated) were performed at two states of culture growth. CMB4563 functions similarly to the ATP-competitive TOR inhibitor NVP-BHS345 (ref. 29 ). The first state corresponded to saturated cells diluted into fresh CSM containing either drug or drug vehicle. The second state corresponded to cells exiting exponential phase, to which a drug or drug vehicle was added. Confocal Z-stack images (LSM700, Zeiss) were acquired at the relevant time points (Extended Data Fig. 10a, b) .
In microfluidics experiments, cells growing exponentially in liquid CSM at 30 °C were deposited on concanavalin-A-coated channel μ -Slides VI 0.4 (ibidi), flushed twice with starvation medium (CSM-glucose), and imaged by confocal time-series Z-stacks. The entire procedure was performed under constant temperature (30 °C; Extended Data Fig. 2b) .
To control the pH of the medium, CSM was buffered either with 100 mM citrate buffer (pH 6), 100 mM Sorensen buffer (pH 7), or 100 mM phosphate buffer (pH 8). Cells were filtered and transferred to starvation medium (CSM-glucose) at the corresponding locked pH. Confocal Z-stack images (LSM700, Zeiss) were acquired before and after glucose starvation, in all conditions (Extended Data Fig. 2f ).
All confocal images presented in the main and Extended Data figures are maximum projections of three to five images within a Z-stack (ImageJ). Z-slices were initially separated by 500 nm. Western blot analysis. Yeast cultures were treated following standard TCA-urea extraction procedures. Protein lysates were loaded on a 7.5% SDS-PAGE gel and transferred to a nitrocellulose membrane using the iBlot system (Thermo Fisher). The membrane was probed with primary antibodies overnight at 4 °C, washed and incubated with secondary antibodies for 45 min at room temperature. The membrane was developed using an Odyssey imaging system (LI-COR) and the results were quantified using ImageStudio Lite (LI-COR).
Primary antibodies used were rabbit polyclonal anti-Sch9, mouse monoclonal anti-P-Sch9 S758 , and polyclonal rabbit anti-Hog1 (y-215, Santa Cruz Biotechnology). Secondary antibodies used were goat anti-rabbit, IRDye 800 (Rockland) and donkey anti-mouse, IRDye 680 (LI-COR). All antibodies were used at a dilution of 1:10,000. GFP calibration and measurements. GST-TEV-GFP-Ypk1 was expressed from the GAL4 promoter in BY4741. After 4 h of induction, yeast was lysed in lysis buffer (PBS, 10% glycerol, 0.015% CHAPS, Complete Protease Inhibitor Cocktail (Roche; 1.5 tablets per 50 ml), 1 mM PMSF). Purification was performed by glutathione affinity chromatography followed by TEV protease elution. Purified GFP-Ypk1 (1.9 mg) was loaded onto a S200 10/30 column and eluted with buffer containing 100 mM HEPES pH 7.5, 150 mM NaCl, 0.5 mM DTT, 0.0004% beta-DDM. The first peak (grey) describes the void volume and the second peak (black) corresponds to GFP-Ypk1 (Extended Data Fig. 1c ). The protein of interest was concentrated to 0.57 mg ml −1 (5.4 μ M).
GFP calibration was performed using purified GFP-Ypk1. Glass slides were plasma cleaned and coated with poly-l-lysine (100 μ g ml −1 in water) for 1 h. GFP-Ypk1 protein was diluted to 50 pM in PBS and absorbed on the slides for 15 min at room temperature. After washing, the brightness of individual GFP-Ypk1 proteins in PBS buffer was recorded using epifluorescence microscopy. The images were analysed using ImageJ and the distribution of brightness values was fitted to a Gaussian distribution (Extended Data Fig. 1d ) used as a reference for subsequent measures of GFP molecule numbers (Fig. 1d, j 
and Extended Data Figs 1f-i and 4c).
Quantification of TORC1 numbers in granules versus foci found through glucose starvation/addition experiments was done using three-dimensional reconstructions of the stack image files and a subsequent analysis of granule/ focus volumes and intensities using Imaris software (Bitplane). The corresponding number of TORC1 particles was estimated using the average number of GFP molecules measured in a TORC1 focus during glucose starvation (Extended Data Fig. 1i ). Preparation of labelled anti-GFP nanobodies and single-fluorophore calibration. Unconjugated anti-GFP nanobodies (GT-250, Chromotek) were diluted to 0.6 mg ml -1 in 100 μ l PBS (supplemented with 50 mM NaHCO 3 ). Alexa Fluor 647 NHS ester (A20006, Life Technologies) was added at a final concentration of (150 μ M) and the solution was incubated for 30 min at room temperature. One hundred microlitres of PBS were added and the solution was applied to a NAP-5 size-exclusion column (GE Healthcare) pre-equilibrated with PBS. Fractions (300 μ l) were collected and analysed by ultraviolet-visible spectroscopy (Nanodrop2000, ThermoFisher). Peak protein fractions were collected and the degree of labelling calculated. The labelled antibody fractions were stored at 4 °C until further use. Typically, labelled nanobody fractions had a concentration between 1 and 10 μ M and a labelling ratio between 0.5 and 1.5.
Alexa Fluor 647 calibration was performed using Alexa Fluor 647-conjugated anti-GFP nanobodies. Glass slides were plasma cleaned and coated with poly-llysine (100 μ g ml −1 in water) for 1 h. The purified Alexa Fluor 647-conjugated nanobodies were diluted to 100 pM in PBS and absorbed on the slides for 15 min at room temperature. The slides were washed once and imaged under experimental dSTORM conditions. Individual localizations were detected and drift-corrected using gold fiducial markers. All localizations were aligned to the centre of mass of the respective localization clusters (a single nanobody). All obtained aligned localization clusters were fitted using a Gaussian distribution to obtain the average localization precisions along the x and y axes (Extended Data Fig. 6 ). STORM imaging. Cells grown in CSM were fixed at the desired A 600 nm with 4% formaldehyde for 30 min and washed three times (10 min each) with PBS, then treated in permeabilization and blocking buffer (PB buffer: PBS, 0.25% Triton X-100, 5% BSA) for 30 min. They were then incubated overnight at 30 °C in anti-GFP nanobody solution (PB buffer, 1 μ g ml −1 anti-GFP nanobody-Alexa Fluor 647), washed three times in PBS (10 min each), and mounted for imaging or treated further to label the cell wall with fiducials. Before imaging, the cells were deposited on glass slides coated with concanavalin A (1 mg ml −1 in PBS) and centrifuged on the glass slide at 2,000 r.p.m. for 2 min. The excess liquid was removed and replaced by the appropriate STORM buffer for imaging.
STORM imaging was performed using a recently developed flat-field epiillumination microscope that allowed simultaneous imaging of a large number of cells (typically between 50 and 200 per field of view 30 ). In brief, a 642 nm laser (2RU-VFL-P-2000-642-B1R, MPB Communications) was used to switch off Alexa Fluor 647 fluorophores on the sample as well as to take the pre-STORM widefield image. A 405 nm laser (OBIS, Coherent) was used to control the return rate of the fluorophores to the emitting state. A 488 nm laser (Coherent Sapphire) was used to acquire the pre-STORM widefield GFP image to segment only localizations that overlap with the bright GFP signal (Fig. 2a) . A custom dichroic (ZT405/561/642/750/850rpc, Chroma) reflected the laser light and transmitted fluorescence emission before and after passing through the objective (CFI60 Plan Apo Lambda 60× /numerical aperture 1.4, Nikon). After passing the respective filter (ET700/75M, Chroma or ET510/20m, Chroma), emitted light from the sample was imaged onto an sCMOS camera (Zyla 4.2, Andor). Axial sample position was controlled using the pgFocus open hardware autofocus module (http://big. umassmed.edu/wiki/index.php/PgFocus). Twenty thousand frames at 10 ms exposure time were recorded using Micromanager 31 . Imaging was performed using an optimized STORM buffer as described previously 32 . Image stacks were analysed using a custom CMOS-adapted analysis routine 33 . Lateral sample drift was corrected using either image correlation (Thunderstorm 34 or gold fiducial markers (B-Store, https://github.com/kmdouglass/bstore)). We observed comparable results for both methods (data not shown). Fiducial marker labelling was performed as described previously 35 . Immunostained cells, mounted on the glass slide, were incubated for 30 min with a concanavalin-A-biotin conjugate (2 mg ml −1 in PBS, Sigma), washed once with PBS, and subsequently incubated in a streptavidin-100 nm gold particle solution (1:30 in PBS, Cytodiagnostics) for 30 min. Finally, the cells were washed twice in PBS. All localization processing was performed in Matlab (Mathworks). STORM images were reconstructed using a two-dimensional histogram (bin size 10 nm per pixel) function with a Gaussian blurring according to the localization precision ( Fig. 2a-e and Extended Data Fig. 6 ). Purification of TORC1 tubules. TORC1 tubules were prepared through pulldown of Kog1-TAP (Fig. 2f) or Tco89-TAP (data not shown) from yeast extracts with IgG-coupled magnetic beads (Dynabeads M-270 Epoxy, ThermoFisher). Beads were washed in extraction buffer lacking protease inhibitors and subsequently eluted in this buffer with TEV protease, similar to the process described in ref. 5 .
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Negative-stain and cryo-EM. Negative-stain EM was performed with samples stained with 2% uranyl acetate. Micrographs were collected using an FEI Tecnai G2 Sphera microscope operated at 120 kV at a nominal magnification of 10,000 (Extended Data Fig. 7a, b ) or 29,500 ( Fig. 2g and Extended Data Fig. 7c, d) .
Protein samples were adsorbed for about 1 min onto Lacey carbon film grids (300 microMesh) and blotted with a filter paper (Whatman) as previously described 36 and plunged quickly in liquid ethane using a homemade plunging apparatus. Cryo-EM images of TORC1 filament were recorded using a fieldemission gun transmission electron microscope Tecnai F 20 (FEI, Eindhoven, the Netherlands) equipped with a cryo-specimen grid holder Gatan 626 (Warrendale, Pennsylvania, USA). Images were acquired at 200 kV and at a nominal magnification of 50,000 in a defocus range of 2.5 to 3.5 μ m using an Eagle camera (4,096 pixels × 4,096 pixels and 2.26 Å final pixel size; Fig. 2h ). Three-dimensional helix reconstruction from cryo-electron micrographs. After an initial estimation of the helix pitch in the TORC1 filaments, we performed a large range search for the number of units per turn to establish the full helix symmetry parameters, as follows. Several 678-Å wide and at least 2,300-Å long sections in the images of TORC1 filaments were extracted using e2helixboxer.py in the EMAN2 package 37 , after aligning the filament axis with the y axis of the micrograph. Those segments were then padded and floated into a 4,628 Å × 4,628 Å box (2,048 pixels × 2,048 pixels) and the computed Fourier transform examined. Bshow in Bsoft package was used to measure the positions of the amplitude maxima in the visible layer lines. Although an unambiguous assignment of Bessel order was not possible for most layer lines using an approximate diameter of 560 Å for the filaments, a Bessel function of order 1 at ~ 1/215 Å and order 2 at ~ 1/107 Å was indicated, corresponding to a pitch of ~ 215 Å for a TORC1 helix with no symmetry parallel to the helix axis. Further refinement of helix symmetry parameters was performed using an IHRSR approach 23 and the final three-dimensional structure was determined using SPRING 24 . For this purpose, 4,352 segments of 1,024 Å × 1,024 Å were excised using a regular step size of 50 Å and the images were corrected for the effect of contrast transfer function determined by using CTFFIND3 (ref. 38) .
Using a pitch of 215 Å as a starting value and a solid cylinder of 560 Å in diameter as a starting model, a set of 30 cycles of IHRSR refinement was performed wherein the number of subunits was varied from 5.1 to 7.9 in steps of 0.1. For each initial symmetry choice, the symmetry parameters were refined with the hsearch program using a step size of 0.01 Å and 0.01° for the helical rise and azimuthal rotation, respectively, for iterations 2-15. For cycles 16-30, the steps were increased to 0.02 Å and 0.02° to increase the radius of convergence. The refinement of the symmetry parameters was monitored, and the convergence points analysed given that ambiguities between certain sets of helical parameters were possible 24 (Extended Data Fig. 8a ). For each of the different possible solutions of refined symmetry, we performed a three-dimensional structure refinement using the segrefined3d module in SPRING, and visually inspected the reconstructions using Chimera 39 . The comparison of the density corresponding to one subunit and the known isolated mTORC1 structure 7 established the correct set of helical parameters (Fig. 3) .
Fitting of the atomic model of mTORC1 7 in the reconstruction was done in Chimera, either as a rigid body or by fitting the individual domains. For the latter, the sequential fitting command after including five symmetry-related neighbouring TORC1 complexes was used to take into account the inter-subunit interfaces. After fitting, the domains corresponding to the central subunit were combined in a new model used for making figures in Chimera (Fig. 3 ). To get a better insight into the docking precision, the variation of the correlation upon rotation of the rigid body model around its principal axes of inertia was plotted using the software VEDA (http://www.ibs.fr/research/research-groups/methods-and-electron-microscopygroup/schoehn-team/methodology/modeling-interpretation-of-em-maps/article/ veda), the graphical version of URO 40 . Data availability. Electron microscopy data have been deposited in the Electron Microscopy Data Bank under accession number EMD-3814. Other data that support the findings of this study are available from the corresponding author upon reasonable request.
Extended Data Figure 1 | Stoichiometric co-localization of TORC1 subunits to a vacuole-associated focus. a, b, Differential interference contrast microscopy and confocal images of yeast cells exiting exponential growth. Cells express GFP-and/or mCherry-tagged TORC1 subunits as indicated. Vph1-mCherry marks the membrane of the vacuole. We note, however, that the Lst8-GFP and Tco89-mCherry strains presented major growth phenotypes, which for Lst8 were so severe that we were unable to generate the strains necessary to assess its presumptive co-localization with other TORC1 components. 
Extended Data Figure 5 | Gtr1 GDP /Gtr2 GTP conformation favours focus formation while the Gtr1 GTP /Gtr2 GDP conformation antagonizes focus formation. a, TORC1 focus formation (GFP-Kog1; dark grey bars on left graph) was assessed in Δ gtr1 Δ gtr2 cells expressing all combinations of plasmid-borne WT or nucleotide-locked (GDP/GTP) variants of Gtr1 and Gtr2, both in exponentially growing or saturated cultures. Using growth state (state: exponential = − 1 and saturated = 1) and nucleotide loading of the Gtrs (Gtr1 and Gtr2: GDP bound = − 1, WT = 0 and GTP bound = 1) as variables, the data were analysed by multiple linear regression to obtain a model explaining the percentage of cells displaying a TORC1 focus (equation). The obtained model explains 83.7% of the total observed variance (R 2 , residual error = 16.3%) and has a high statistical significance (Fisher's test, P < 10 −5 ; summarized in the table on the right). Simulation with the model is shown (light grey bars on left graph). The model shows that the contribution of both growth state and Gtr variables are statistically significant (β1, β2 and β3: Student's test, P < 0.05). Gtr1 and Gtr2 participate together to account for 47.3% of the variation of TORC1 focus formation and have opposing contributions: Gtr1-GTP disfavours, whereas Gtr2-GTP favours, TORC1 focus formation (β2 = − 0.076 and β3 = 0.056). The rest of the variation in focus formation is Gtr-independent. b-f, The amount of active TORC1 is lower, but Sch9 phosphorylation is faster, in Δ gtr1 Δ gtr2 cells compared with WT cells. b, The proportion of cells without TOROIDs and the relative Sch9-phosphorylation in WT and Δ gtr1 Δ gtr2 cells. Sch9 phosphorylation is partly compromised in Δ gtr1 Δ gtr2 cells (~ 75% of WT and not 40% as would be suggested by the fraction of cells lacking focus), suggesting that the remaining active TORC1 entities in Δ gtr1 Δ gtr2 cells must be approximately twofold more active compared with the active TORC1 entities in WT cells. c, Growth curves of Δ gtr1 Δ gtr2 and WT cells treated with increasing concentrations of CMB4563 in liquid culture (estimated half-maximum effective concentrations (EC 50 ) of 0.12 μ M and 0.27 μ M, respectively). d, Spot assays of WT and Δ gtr1 Δ gtr2 cells on increasing concentrations of CMB4563. On plate, the Δ gtr1 Δ gtr2 cells appear to be about twice as sensitive as WT. e, Measures of Sch9 dephosphorylation (phosphatase activity) and rephosphorylation (TORC1 activity) rates in WT and Δ gtr1 Δ gtr2 cells. To monitor dephosphorylation rates, we treated cells with 1.0 μ M CMB4563 and collected At the indicated time points, over a period of 10 min for western blot analyses (0-10 min). The remaining cells were washed and resuspended into fresh medium containing varying concentrations of CMB4563. At the indicated time points, samples were collected over the next 20 min for western blot analyses (10-30 min). f, Plot of relative Sch9 rephosphorylation rates versus increasing concentrations of CMB4563 measured in WT and Δ gtr1 Δ gtr2 cells in e. In the absence of CMB4563, the rate of Sch9 rephosphorylation is 1.75 times higher in Δ gtr1 Δ gtr2 cells than in WT. However, when released into CMB4563, the rate of Sch9 rephosphorylation is more strongly affected in Δ gtr1 Δ gtr2 cells than WT (estimated EC 50 of 0.1 μ M and 0.2 μ M, respectively). Error bars in c and e represent s.e.m. 
Extended Data Figure 9 | Simulation of STORM data using EM particle reconstruction data. a, Left, end-on view of reconstructed TORC1 helix fitted with nine TORC1 particles in dark green, dark red, and purple (compare with Fig. 3 ). Middle, crystal structure of GFP (light green) was added to the reconstructed helix at sites identified as Raptor/Kog1 N termini. Right, crystal structure of anti-GFP nanobody (red) was added to a subset of the GFP structures, according to the labelling efficiency estimated for our experimental conditions (~ 20%). The localization precision is indicated as a red cloud. b, Three-dimensional representation of the simulated starting model according to a. Red and blue spheres denote GFP positions. c, Simulated STORM images. Helices of different lengths were generated on the basis of the distribution of focus sizes observed in vivo ( Fig. 2 and bar graph) . Orientations of these helices were randomized in three-dimensional (xyz) space and then projected in two-dimensions (xy). Coloured spheres denote GFP positions, a random fraction of which were considered labelled according to our experimentally determined labelling efficiency (see single-molecule localization microscopy simulation in Methods for more details). Corresponding author(s): Robbie Loewith
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Experimental design 1. Sample size
Describe how sample size was determined. All measurments done from light microscopy have done on at least triplicated experiments with at least 100 counts per experiment to allow performing standard statistical analyses.
Data exclusions
Describe any data exclusions. No data have been excluded.
Replication
Describe whether the experimental findings were reliably reproduced.
The findings were reliable since the standard deviations calculated from the replicates were minor.
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
No randomization has been applied.
Blinding
Describe whether the investigators were blinded to group allocation during data collection and/or analysis.
The investigators were not blinded.
Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
